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The results of pressure-tuning Raman spectroscopic, X-ray powder diffraction and solid-state 
13C-NMR studies of selected dicarboxylate anions intercalated in a Mg-Al layered double 
hydroxide (talcite) lattice are reported. The pressure dependences of the vibrational modes are 
linear for pressures up to 4.6 GPa indicating that no phase transitions occur. The interlayer 
spacings show that the oxalate, malonate and succinate dianions are oriented perpendicular to the 
layers, but the glutarate and adipate are tilted. The solid-state 13C-NMR spectra of these materials 
show full chemical shift anisotropy and, therefore, the anions are not mobile at room temperature. 
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INTRODUCTION 
Hydrotalcites, known as anionic clays or layered double hydroxides (LDH), consist of positively 
charged layers formed by replacing Mg2+ ions in the brucite structure, Mg(OH)2, by Al3+ and 
with charge-compensating anions occupying the interlayer spacings. Synthetic hydrotalcites can 
be prepared with, for example, Fe3+, Ni2+, Co2+, Zn2+ and Cu2+ [1]-[4] and with a variety of 
inorganic or organic counter-ions. Layered clays, both natural and synthetic, have attracted 
considerable attention for a wide variety of applications from catalysis, ion exchange, water 
purification, and radioactive waste storage to drug delivery systems, nanocomposites and flame 
retardants. The structure, orientation and dynamics of the intercalated anions are important in 
understanding the properties of these materials. Raman and infrared spectroscopic methods[5] 
have been used to study inorganic ions; carbonate, nitrate, sulphate, chromate, molybdate and 
vanadate[6]-[10] and organic acids and diacids[11]-[13] intercalated in the layered structures. High-
pressure as an experimental variable is extremely useful in mineralogy and geology. The effect of 
external pressure on the vibrational spectra of clay minerals specifically has been reviewed.[14] 
Brucite and gibbsite, the “parent” minerals of hydrotalcite, have been extensively investigated[15]-
[20] and pressure-induced transitions have been reported at 4.0 and 2.6 GPa, respectively, but only 
one pressure study of a hydrotalcite has appeared[21], for the carbonate, Mg6Al2(OH)16.CO3.4H2O, 
in which there are two transitions, at about 1.5 and at 2.5 GPa, measured by electrical 
conductivity. In the present study, the pressure-tuned Raman spectra, structures and solid-state 
13C-NMR spectra of the series of intercalated carboxylic diacids, from oxalate to adipate, are 
reported. 
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EXPERIMENTAL 
 
Preparation 
Magnesium nitrate, Mg(NO3)2.6H2O, (0.0375 mol) and aluminium nitrate, Al(NO3)3.9H2O, 
(0.0125 mol) were dissolved in approximately 100 mL of ultra-pure deionised water (~18 ), 
which had been boiled to remove carbon dioxide. Similarly, sodium hydroxide (0.10 mol) and the 
organic diacid (0.0125 mol) were dissolved in a separate vessel. The concentration of the diacid 
was twice that required by stoichiometry in order to drive the reaction. Both vessels were sealed 
under nitrogen and the solution of the metal ions was added to the diacid at a rate of about 5 
drops per second. A white precipitate was immediately evident and the mixture was stirred 
continuously during the reaction and for 20 h after complete addition. The pH of the reaction was 
not altered and remained at about 9 for all syntheses. After the ripening process, the reaction 
mixture was filtered and washed with decarbonated boiling ultra-pure deionised water several 
times with precautions taken to avoid absorption of carbon dioxide. After washing, the product 
was dried in a vacuum desiccator for approximately one week. 
 
Raman spectroscopy 
Spectra were obtained using a Renishaw inVia spectrometer with an argon ion laser (514.5 nm, 
15 mW). Samples were contained in a stainless-steel gasket in a Diamond Anvil Cell (DAC) 
from High Pressure Diamond Optics, Tucson, AZ, with ruby chips as the pressure calibrant.[22] 
The spectra were measured at each pressure after 15 min for equilibration and then again at 
ambient pressure after completing a series of runs up to a maximum of 4.6 GPa. The Raman 
spectra were recorded and fitted using Renishaw WiRETM 2.0 software. 
 
X-ray powder diffraction 
Samples were ground to a fine powder and placed in a shallow depression mount composed of 
single-crystal quartz. Measurements were taken at the QUT XAF facility using a PANalytical 
X’Pert Pro multi purpose wide angle X-ray diffractometer using a Cu K radiation (1.54052 Å) 
source with Bragg-Brintano optics and a fast acquisition X’Celerator detector. Patterns were 
collected between 3 and 90° 2θ with a step size of 0.02° at a rate of 30 s per step. 
 
NMR spectroscopy 
Solid-state 13C spectra were measured at 100.52 MHz on a Varian VNMRS-400 spectrometer 
using the TANCPXTOSS sequence with 6.0 μs pulse width, 15 ms acquisition time and 2.0 s 
relaxation delay. The number of repetitions depended on the sample. For static spectra, the 
TANCPX sequence was used with a pulse width of 6.0 μs, 5 ms acquisition time and 0.5 s 
relaxation delay and 85352 acquisitions for a total time of 12 h. 
 
RESULTS AND DISCUSSION 
 
Raman measurements 
The spectra can be assigned by region with the CH stretching vibrations appearing around 2900 
cm-1, the CO2- stretching modes at about 1500 (asym) and 1400 (sym) cm-1, and the CC 
stretching vibrations between 880–950 cm-1 and, for the talcite layer, the AlO(H) stretch at about 
550 cm-1 and the OH stretch above 3500 cm-1 (Table 1). In addition, peaks at ca. 1060 cm-1 are 
assigned to a carbonate impurity. The wavenumbers, pressure dependences and assignments[23]-
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[27] are given in Table 1 for the dicarboxylates and for the hydrotalcite portion. As examples, the 
plots of wavenumber vs pressure are shown in Figs. 1 and 2 for the shortest and longest diacids 
complexes, oxalate and adipate, respectively. In all cases, the slopes are linear, indicating no 
major changes in structure. Thus, no phase transitions occur, up to 4.6 GPa, in contrast to brucite 
and gibbsite[15]-[20] and the carbonate-hydrotalcite.[21] The OH stretches appear at higher 
wavenumbers in the talcite complexes than in Mg-talcite itself[1] and the d/dP values of the OH 
stretch are small and nearly always positive in the complexes but, in brucite, they are negative. 
The linearity of the pressure dependences also suggests that there are no changes in conformation 
of the longer length intercalated molecules. This is confirmed by the ratio of the peak areas in the 
CC stretching and CO2- bending regions. For the peaks at 877 and 951 cm-1 in the spectra of the 
succinate, the ratio is 1:2, for the glutarate, the areas for those at 883 and 955 cm-1 are equal and 
for adipate the peaks at 887 and 932 cm-1 have relative areas in the ratio 1:8. These relative peak 
areas do not change significantly with increasing pressure. The d/dP values of the symmetric 
CO2- stretching mode decrease with increasing chain length. The d/dP values of the CH 
stretching vibrations are essentially identical for all compounds. The spectral assignments of the 
oxalate dianion are controversial.[28],[29] Clark and Firth[23] have reassigned the CC stretching and 
symmetric CO2- bend vibrations to peaks at 475 and 879 cm-1, respectively. Dinnebier et al.[29] 
report that the cesium oxalate structure is staggered in the solid state with Raman peaks at 431, 
822, 860 and 898 cm-1, and 462 and 872 cm-1 in unhydrated potassium oxalate. However, the 475 
cm-1 peak was not observed in the spectra of oxalate/hydrotalcite, but there is a peak at 864 cm-1. 
The modes are heavily mixed and this is probably responsible for the marked differences in the 
d/dP values for the CC and CO2- motions in the oxalate compared with the other diacid anions. 
The pressure dependence of the Raman spectrum of sodium oxalate has been investigated by 
Goryainov et al.[30] There is a phase transition at 3.8 GPa. The pressure dependences of the 
oxalate ion peaks in both the talcite and sodium salt are quite similar with, notably, a negative or 
close to zero pressure dependence of the peak at 864 cm-1, which is a very different behaviour 
from the other intercalated diacids.  
The vibrations of the talcite structure, Table 1, show that the wavenumbers of the AlO(H) stretch 
vary little with the different diacids although the pressure dependence seems to alternate in value 
with the odd-even number of carbon atoms as do the d/dP values for the main OH peak at 3618 
cm-1. The two peaks observed for the carbonate impurity show an interesting behaviour. For the 
malonate and succinate salts, the peaks are at 1052 and 1063 cm-1 and at 1055 and 1064 cm-1, 
respectively, with much lower d/dP values for the low wavenumber peaks. For the glutarate and 
adipate, the peaks have shifted to 1056 and 1044 cm-1 and the pressure dependence of the 1044 
cm-1 feature increased to over 3 cm-1 GPa-1. This may be due to a different alignment of the 
carbonate ion as a result of changes in the orientation of the diacid (see next section). 
 
X-ray powder diffraction: orientation of the intercalated molecules 
The interlayer spacing, d, does not depend in a linear fashion on the number of carbon atoms in 
the intercalated diacid anions (Fig. 3) or on the molecular length, L. Other studies on the chain 
length dependence of the interlayer spacing have reported a linear behaviour.[4],[31] With the 
assumption that all four oxygen atoms of the dicarboxylic acid are bound to the metal hydroxide 
layer and the acid molecules are in a fully extended planar configuration, the molecular lengths 
were obtained from the Cambridge Structural Database (CSD), limited to alkali metal or alkaline 
earth salts. The difference between the measured interlayer spacing and the molecular length 
corresponds to the metal hydroxide layer thickness plus twice the van der Waals radius of the 
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oxygen atom. Note that this difference is constant (6.956 Å) for oxalate, malonate and succinate 
but decreases with increasing chain length for glutarate and adipate. Therefore, the shorter chain 
acids are oriented perpendicular to the hydroxide layers and glutarate and adipate are tilted, with 
the angle decreasing with increasing chain length. The tilt angle is given by sin-1 ((d – 6.956)/L) 
and the average angles are 61 and 56º for glutarate and adipate, respectively. Data are given in 
Table 2. Dicarboxylic acids in Li/Al LDH are aligned perpendicular to the hydroxide layer[4] but 
layered double hydroxide systems with Zn, Cu, Ni and Co showed significant departures from 
linear dependence[3] although succinate intercalates seemed to be consistently tilted at about 55º. 
Malonate and glutarate lack the symmetry of the other diacids and can be twisted, depending on 
the cation and crystal structure, particularly the glutarate. For example, in zinc glutarate, one 
molecule is bent and the other fully extended.[32] The present results indicate a non twisted 
conformation of the intercalates. 
 
13C-NMR studies 
Since the d/dP values are similar for all complexes and the pressure dependences are linear and 
the ratios of peak areas do not change, it seems likely that conformational changes do not occur. 
However, it is possible that the intercalated molecules are mobile. For example, a 2H-NMR 
investigation of terephthalate anions intercalated in Mg/Al hydrotalcite showed that a 
temperature-dependent fraction of the molecules undergo rotational diffusion.[33] In the present 
study, the magic-angle-spinning spectra of these diacids/talcites provided 13C chemical shifts, 
Table 3, that are in excellent agreement with the values cited by Duncan[34] for carbon 
functionalities in the solid state. The spectra also showed the presence of the carbonate ion 
resonance at 170 ppm. The static spectra were broad with spans at values expected for the 
chemical shift anisotropy of non-mobile systems, Fig. 4. Clearly, the dicarboxylate ions are not 
mobile in the interlayer at room temperature. 
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Table 1. Raman wavenumbers/cm-1 and pressure dependence (dν/dP) of the vibrational 
modes/cm-1 GPa-1 of the hydrotalcites containing intercalated dicarboxylic acid anions 
Oxalate dν/dP Malonate  dν/dP Succinate dν/dP Glutarate dν/dP Adipate  dν/dP Assign 
156 2.3 157 6.2 170 4.5 160 6.0 159 4.2  
191 1.2          
235 1.7          
864 -0.1   877 3.6 883 3.7 843 3.2 δs(CO2-)  
        887 3.9 ν(CC) 
913 1.2 940 3.4 951 4.2 955 4.5 932 3.4 ν(CC)  
1443 5.8 1442 4.5 1419 3.5 1418 3.0 1418 2.3 νs(CO2-)  
1480 4.7   1440 4.9 1451 2.7 1447 3.7 νas(CO2-) 
  2915 7.2     2870 7.0 ν(CH) 
  2941 9.4 2927 9.5 2933 9.5 2924 9.8 ν(CH) 
  2998 6.7       ν(CH) 
 
525 
 
2.7 
         
558 3.3 558 4.0 558 3.5 556 4.1 557 3.9 ν(Al-O(H))  
1034 0.8 1052 1.2 1055 0.1 1044 3.1 1044 3.1 CO32- 
1063 2.0 1063 2.6 1064 2.2 1056 3.5 1055 3.3 CO32- 
3506 5.5 3502 2.1 3507 6.8 3517 -1.3   ν(OH) 
3618 2.6 3607 1.7 3620 2.5 3619 1.8 3612 2.9 ν(OH) 
      3873 3.3 3687 4.8 ν(OH) 
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Table 2. Cambridge Structural Database search results and measured interlayer spacing 
CSD ref code Molecular 
length/Å 
Interlayer 
spacing/Å 
d – L d – x† Angle 
Oxalate      
CAOXM 2.715 9.708 6.993 2.752 Indefinite* 
CAOXAL 2.657 9.708 7.051 2.752 Indefinite 
      
Malonate      
CAMALD01 3.452 10.419 6.961 3.463 78.9 
 3.529 10.419 6.890 3.463 81.9 
CAMALD03 3.498 10.419 6.921 3.463 Indefinite 
      
Succinate      
LISUCC 4.937 11.920 6.983 4.964 Indefinite 
AOSCCA 4.937 11.920 6.983 4.964 Indefinite 
YOWDIX 5.060 11.920 6.860 4.964 78.8 
      
Glutarate      
MEFQAQ 6.507 12.495 5.990 5.539 58.4 
MEFPUJ 6.505 12.495 6.032 5.539 58.9 
ZNGLUT 6.463 12.495 6.183 5.539 61.3 
SIFWEJ 6.312 12.495 6.139 5.539 60.6 
 6.365 12.495 5.988 5.539 59.3 
      
Adipate      
JILTUT 7.272 13.189 5.917 6.233 59.0 
 7.577 13.189 5.612 6.233 55.3 
MAMADP 7.445 13.189 5.744 6.233 56.8 
BAGJIC10 7.529 13.189 5.660 6.233 55.9 
YEFXIR 7.595 13.189 5.594 6.233 55.1 
Z22MBA10 7.481 13.189 5.708 6.233 56.4 
†x is 6.956 Å 
*Indefinite angle means sin > 1 
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Table 3. Experimental values of 13C chemical shifts (ppm from TMS) of intercalated 
dicarboxylic acid anions 
Intercalated dicarboxylic 
acid anions 
13C chemical shifts/ppm 
CO32- Carbonyl Methylene
Oxalate 170 170  
Malonate 171 178 46 
Succinate 171 183 34 
Glutarate 170 183 38, 23 
Adipate 171 184 38, 27 
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Figures captions  
 
Figure 1. Pressure dependence of the wavenumbers of oxalate/talcite in the regions 150-600 cm-1 
and 850-1100 cm-1. 
Figure 2. Pressure dependence of the wavenumbers of adipate/talcite in the regions 800-1100 
cm-1 and 2800-3800 cm-1. 
Figure 3. Interlayer spacings of dicarboxylic acids/talcite as a function of the number of carbon 
atoms. 
Figure 4. 13C-NMR spectra of the succinate/talcite complex. Upper plot static spectrum, lower 
plot total sideband suppression (TOSS) spectrum. 
 
